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ABSTRACT OF THESIS 
 
 
 
 
CENTRAL AND PERIPHERAL WEIGHT GAIN AFFECT TRUNK KINEMATICS AND 
LOWER-EXTREMITY MUSCLE ACTIVATION DIFFERENTLY DURING SIT-TO-STAND 
 
Background: Obesity-induced alterations in biomechanics and muscle recruitment 
during activities of daily living, such as sit-to-stand (STS) are often attributed to 
increases in adipose tissue (AT) mass.  Central or peripheral distribution of AT may 
differently affect biomechanics and muscle recruitment.   
Methods: Fifteen healthy, normal weight (BMI 22.4 ± 1.9 kg/m2, 24.1 ± 4.2 years) 
subjects volunteered.  External loads equivalent to a 5 kg/m2 BMI increase were 
applied in three conditions: unloaded (UN), centrally loaded (CL), and peripherally 
loaded (PL).  Subjects completed three successful STS movements in a backless chair 
under each load condition in random order.  Motion analysis and lower extremity 
surface electromyography (EMG) were measured. 
Results: Compared to UN and CL, PL significantly increased support width during 
STS.  PL also significantly increased maximum trunk flexion compared to CL.  Peak 
and total VM EMG activity were significantly increased during CL, compared to UN 
and PL.  During CL, peak VL EMG activity was significantly greater than UN. 
Conclusions: Central and peripheral weight gain induce different biomechanical 
adaptations during STS.  Central weight gain increases knee extensor muscle activity 
during STS independent of biomechanical changes.  In contrast, peripheral weight 
gain increases support width and trunk flexion with minimal EMG changes during 
STS.    
KEYWORDS: (obesity, trunk, support width, electromyography, weight gain, sit-to-
stand) 
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INTRODUCTION 
 
Weight gain, specifically adipose tissue (AT) gain, typically occurs in two 
types of distributions – central, in which AT accumulates in the abdominal region, or 
peripheral, in which AT accumulates in the hips and upper thighs.  AT has been 
shown to have negative effects on skeletal muscle physiology, however, one main 
mechanism by which AT is thought to negatively impact biomechanics is the 
additional mass it adds to the body.  Populations with increased AT mass, such as 
obese individuals and pregnant women, display biomechanical and skeletal muscle 
recruitment alterations when performing activities of daily living (ADLs), such as 
gait and the sit-to-stand (STS) task (10, 17, 24, 29, 30, 40).  However, the central and 
peripheral distributions of the additional weight are often overlooked.  The purpose 
of this study was to determine the effects of simulated moderate weight gain, 
mimicking central and peripheral distributions, on STS performance, kinematics, 
and lower extremity skeletal muscle activity. 
Weight gain, specifically AT gain, has been associated with increased risk of 
metabolic diseases, such as diabetes, in men and women (12, 15).  Severe weight 
gain resulting in obesity is known to produce substantial alterations in kinematics 
and muscle recruitment patterns that may contribute to musculoskeletal injury or 
physical disability during activities of daily living (ADLs) (41, 75, 82, 84).  Many of 
the negative consequences that obesity has on biomechanics are attributed to excess 
AT mass (45, 77).  However, excess AT, as seen in obesity, directly impairs skeletal 
muscle metabolic and contractile function.  Specifically, skeletal muscle of the obese 
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displays impaired carbohydrate and fat metabolism (13, 33), a slow-to-fast fiber 
type switch (5, 76), increased fatigability (45), and decreased specific force (78).  
Therefore, the direct effects of increasing body mass on biomechanics during 
activities of daily living (ADLs) are unknown.   
AT is often distributed preferentially centrally (abdominal region) or 
peripherally (hips and upper thighs).  Visceral adipose tissue (VAT) has been 
associated with increased risk of cardiometabolic diseases (23, 73) and typically 
accumulates in the abdominal region.  Subcutaneous adipose tissue (SAT), often 
distributed to the hips and upper thighs, has been shown to decrease the risk of 
cardiometabolic disease compared to increased amounts of VAT (73).  The 
classification of central or peripheral AT are determined using dual-energy x-ray 
absorptiometry (DEXA) or waist-to-hip ratio (WHR).  In peripheral obesity, some AT 
accumulates in the abdominal region, and the hips and upper thighs.  Thus, these 
distributions of load may influence center of mass, which can directly alter 
biomechanics and skeletal muscle activity and workload (1).  The specific effects of 
central and peripheral weight gain on biomechanics during activities of daily living 
remains largely unexplored. 
The sit-to-stand (STS) movement is an activity which is performed on a daily 
basis and indicates a level of functional independence (29, 30, 69).  This task is 
physically demanding and requires coordination of several body segments, 
adequate strength (57), and joint stability.  Adequate torque development at lower 
extremity joints is necessary to successfully to complete the task (24, 65, 69).  The 
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motion starts in a stable, seated position and then progresses to a less stable, fully 
extended position (48, 57).  Thus, an adequate amount of momentum is necessary to 
initiate and complete the movement (29, 30, 48).  The STS movement is challenging 
for certain populations, such as those with musculoskeletal (19, 59) and 
neurological disorders (60).  Also, task modifications have been noted for certain 
populations, such as pregnant women (29, 30) and obese (24, 56, 69). 
Biomechanical adaptations have been observed during ADLs in populations 
with increased load, such as obese subjects and pregnant women (10, 17, 24, 40, 43, 
49, 69).  Specifically, a greater step width has been observed in obese (10) during 
stance phase of gait.  During gait, obese subjects walk with greater hip extension 
(10, 17, 49), knee extension (10, 17, 43, 49), and plantarflexion (10, 17, 74) which 
results in a more erect posture during this task (17).  Kinematic pattern alterations 
have, also, been observed in populations with increased loads, such as obese 
individuals and pregnant women, during the STS task.  Specifically, obese 
individuals and pregnant women display less trunk flexion during STS (24, 29, 69).  
The total duration of the STS task has shown to be similar between normal weight 
and moderately obese individuals (63).  Only significant increases in STS duration 
have been observed in severely obese individuals (63).  Increases in support width 
have only been noted during late pregnancy (30), but has been shown to be similar 
between normal weight and obese individuals (63).  However, the increased 
support width during late pregnancy may be due to significant increases in trunk 
volume (29, 30, 34).   
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Surface electromyography (EMG) allows skeletal muscle recruitment 
patterns and activity to be observed.  However, surface EMG can be influenced by 
excess SAT.  Thus, a consensus regarding the reliability of surface EMG in obese 
subjects has not been established (3, 38, 54).  Excess SAT can influence EMG 
amplitude readings and increase cross-talk (38).  However, trunk loading studies 
have illustrated skeletal muscle recruitment and activity during gait is influenced 
due to increased load (28, 70, 71).  Specifically, knee extensor activity has been 
shown to be elevated during stance phase of gait in trunk loading studies (28, 70, 
71) which is consistent with findings from obese populations (2).  It has been 
suggested increases in knee extensor activity during ADLs is to maintain stability 
and control of the knee joint during heel strike (2, 36, 71).  However, these 
biomechanical adaptations – increase step width, more erect posture, and limited 
trunk flexion - during gait and the STS task are primarily seen in severely obese 
individuals (BMI ≥ 40 kg/m2), while overweight and moderately obese (BMI 30 – 39 
kg/m2) individuals display similar kinematics to normal weight individuals.  
However, due to the cross-sectional nature of these studies, it is difficult to 
determine whether weight gain per se negatively impacts kinematics and/or muscle 
recruitment during ADLs such as STS.   
During the STS task, obese subjects and pregnant women tend to display less 
trunk flexion (24, 29, 30), creating greater torque at the knee joint (30, 69) which 
may contribute to development of knee pain, injury, or OA (31, 52, 53).  Therefore, it 
is possible that the mass of AT alone could be a contributing factor the 
biomechanical adaptations during ADLs.  Since STS is a concentric movement which 
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involves knee extension, the contraction of the knee extensors is necessary to 
complete full extension of the knee joint (i.e. achieve standing position).  However, 
muscle activity during STS has not been the main focus of external loading studies.  
Also, to date, the effects of central and peripheral weight gain on biomechanics 
during STS have not been examined. 
Again, the purpose of this study was to determine the effects of simulated 
moderate weight gain, mimicking central and peripheral distributions, on STS 
performance, kinematics, and lower extremity skeletal muscle activity.  In order to 
accomplish this, men and women with normal BMI (18.5 – 24.9 kg/m2) completed a 
STS task under unloaded, centrally loaded and peripherally loaded conditions.  
Motion analysis and surface EMG were used to assess effects of loading on 
kinematics and muscle activity.  We hypothesized that central, but not peripheral, 
loading would decrease peak trunk flexion angle during the STS task.  We further 
hypothesized that both central and peripheral loading would increase knee 
extensors EMG activity during STS as a compensatory mechanism to help lift the 
increased mass.   
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LITERATURE REVIEW 
Increased body mass, as seen with obesity, is associated with higher risk of 
cardiometabolic disease (12, 15) and biomechanical adaptations (8, 10, 17) which 
are thought to contribute to development of mobility disabilities (41, 75, 82, 84), 
musculoskeletal injury (24, 26), and lower extremity osteoarthritis (31, 43, 52).  
Caloric imbalance is a major cause of weight gain in adults (72), which increases the 
load on the body.  The negative effects of adipose tissue (AT) on cardiometabolic 
risk have been largely explored (23, 73).  Additionally, many studies have examined 
biomechanical adaptations to obesity (9, 10, 17, 24, 32, 40, 43, 49, 64, 67, 69, 74).  
Typically, the negative consequences of obesity are attributed to excess AT (23, 83).  
Since obesity produces marked skeletal muscle physiological dysfunction (5, 77), 
the direct role of increased AT mass on skeletal muscle recruitment and 
biomechanics is unknown.  Furthermore, many studies examining biomechanical 
adaptations to obesity have used a cross-sectional design.  Therefore, the direct 
effect of weight gain, which may lead to obesity, on skeletal muscle recruitment 
patterns and biomechanics remains unknown.   
AT distribution varies considerably between individuals.  The specific 
pattern of AT distribution appears to be a major contributor to development of 
cardiometabolic disease (23, 46, 79, 83).  Individuals with high levels of visceral 
adipose tissue (VAT), which accumulates within the abdominal region, are much 
more likely to develop cardiometabolic disease than those with only high levels of 
subcutaneous adipose tissue (SAT), which often accumulates in the lower 
extremities.  The distributions of VAT and SAT can alter center of mass, which has 
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been shown to influence kinematics and muscle recruitment (30, 57, 66).  Currently, 
the impact of AT distribution on skeletal muscle recruitment and biomechanics 
during activities of daily living remains largely unexplored.   
Effects of Adipose Tissue Distribution on Biomechanics 
Obesity is typically defined as a body mass index (BMI) of ≥ 30 kg/m2.  
Central, or android, obesity is determined by waist circumference (men  ≥ 102 cm 
and women ≥ 88 cm) (51) and is typically associated with increased VAT and 
greater risk of cardiometabolic diseases (23, 73).  Peripheral, or gynoid, obesity can 
be determined by waist-to-hip ratio or by a dual-energy x-ray absorptiometry 
(DEXA) scan (4, 47).  Peripheral obesity is mainly comprised of SAT, which tends to 
accumulate in the hips and thighs, and is not associated with an increased risk of 
cardiovascular and metabolic diseases (73).  In the early decades of life, females 
tend to carry more SAT, while males tend to display more VAT (4, 81).   
The effects of AT distribution on biomechanics remain controversial.  Fat 
mass, BMI, and waist circumference have been shown to be associated with risk of 
disability  in men and women (82).  Additionally, total body fat has been associated 
with decreased lower extremity physical functioning in activities such as walking, 
standing from a chair, and knee flexor and extensor strengths (22, 82).  One study 
found no association between AT distribution, trunk versus lower limb, and lower 
extremity physical functioning during activities of daily living in older adults (22).  
However, Sternfeld et al. (75) found a higher waist circumference was associated 
with slower walking speeds and higher amount of self-reported functional 
limitations, suggesting central distribution of AT may be more biomechanically 
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costly (75).    
Biomechanical Adaptions to Increased Body Mass 
Several studies have shown there to be biomechanical differences between 
normal weight and obese adults.  During the stance phase of the gait cycle, obese 
individuals have shown to walk with a more erect posture (17), significantly greater 
hip extension (10, 17, 49), knee extension (10, 17, 43, 49), and plantarflexion (10, 
17, 74).  Both increased knee adduction (40) and abduction (49, 50) have been 
reported in obese adults during gait.  The adducted and abducted positions of the 
knee during stance phase of walking, increases tibiofemoral contact which has been 
linked to an increased risk of knee osteoarthritis (31, 49, 68).  Interestingly, in 
walking tasks both increased hip abduction (74) and hip adduction (40, 49, 50) in 
obese populations have been reported.  Obese individuals, also, tend to spend 
significantly more time in stance phase (2, 10, 17, 40), double-support of stance 
phase (10, 17, 40, 42), and have greater step widths (11) during walking compared 
to their normal weight peers.  These kinematic alterations in gait for obese 
populations are thought to be compensatory mechanisms to protect the individual 
from joint disorders, such as knee osteoarthritis.  Importantly, these studies have 
employed a cross-sectional design.  Therefore, the direct effects of weight gain on 
biomechanics are unknown. 
Gait is not the only activity of daily living (ADL) in which kinematics are 
altered in response to excess body mass.  Obese individuals initiate the sit-to-stand 
(STS) task with less trunk flexion compared to normal weight subjects (24, 69).  
Also, pregnant women, a group undergoing rapid central weight gain, display 
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decreased trunk flexion during late stages of pregnancy (29).  These kinematic 
alterations at the trunk influence the torque generated at the knee and hip.  Obese 
adults and pregnant women in late pregnancy illustrate a greater torque at the knee, 
while normal weight adults have greater torque at the hip during the STS task (30, 
69).  The greater knee joint torque requires an increased combative response from 
the knee flexors and extensors.  The increased torque at the knee joint could lead to 
increased risk of joint disorders, such as knee OA.  Also, obese populations have 
greater hip abduction while performing the STS task (32).  The greater abduction of 
the hips has been speculated to be due to increased thigh circumference in obese 
populations (32), although there has been no research to confirm these 
speculations.  The width of the feet during the STS task has not been shown to be 
significantly different between normal weight and obese adults (64).  Also, the time 
for obese adults to complete the STS task is similar to normal weight adults, only 
severely obese adults (BMI ≥ 35 kg/m2) show a longer task duration (64).  This 
suggests severe, but not moderate, weight gain negatively affects STS performance. 
The energetic effect of ADLs has been shown to be different between normal 
weight and obese populations.  Walking has been shown to be more energetically 
costly for obese subjects compared to non-obese.  Obese individuals use a greater 
percentage of their maximal oxygen consumption (VO2max) during walking (9) and 
STS (35).  Studies have found the preferred walking speed of obese and normal 
weight groups are similar, while the obese groups present a lower relative VO2max 
(8, 9).  These findings indicate obese individuals cannot utilize the same amount of 
oxygen as lean individuals per body mass and obese populations use a higher 
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percentage of their VO2max to perform the same tasks as normal weight populations.  
This indicates obese individuals are not as energetically efficient as their normal 
weight peers.  Obese individuals have been shown to have fewer type I muscle fibers 
(76), mitochondrial dysfunction (7), and decreased amount of mitochondria (7); all 
of which could contribute to a higher VO2 during ADLs.  Since obese individuals use 
a higher percentage of their VO2max during walking tasks, and they have a 
significantly lower VO2max, this can tax their metabolic system tremendously.  
Therefore, it is possible that obese individuals must recruit other fiber types or 
muscle groups to perform the activity.  Also, with their reduced amount of type I 
muscle fibers, mitochondrial dysfunction, and decreased amount of mitochondria, 
obese individuals are at a severe metabolic disadvantage compared to normal 
weight individuals.  As a result of their utilization of a greater percent of their VO2max 
during walking, obese individuals can fatigue more quickly which may alter 
biomechanics during prolonged or repeated bouts of activity. 
Negative Effects of Excess Adipose Tissue on Skeletal Muscle Function May 
Contribute to Altered Biomechanics 
Due to the obesity-induced metabolic and contractile perturbations within 
skeletal muscle, it is difficult to assess the direct role of AT mass in kinematic 
changes during ADLs.  Obese individuals have greater absolute muscle isometric and 
isokinetic strength compared to lean populations (39, 45).  Additionally, skeletal 
muscle mass (21, 55) and fiber cross-sectional area (27) are higher in obese, 
compared to lean, individuals.  Furthermore, obese individuals display a greater 
skeletal muscle pennation angle which contributes to their higher absolute force 
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production (25, 77).  Greater skeletal muscle pennation angle alters skeletal muscle 
architecture so more sarcomeres are in parallel, thus increasing cross-bridges 
formation, which would produce a higher absolute force (77).  However, when 
muscle force is normalized to physiological cross-sectional area (specific force) or 
muscle volume (intrinsic strength), it is evident that relative force production is 
decreased in skeletal muscle of the obese (78).  Therefore, despite adaptations to 
increase force production, it appears the force generating components of muscle is 
impaired in obesity.  Given the relative decrease in force production, as well as, the 
increased body mass, it is possible that muscle weakness directly contributes to 
obesity-induced alterations in biomechanics during activities of daily living. 
Overweight and obese populations have higher amounts of intramyocellular 
lipid content (IMCL) within skeletal muscle (33).  It is possible that AT infiltration 
within skeletal muscle of the obese causes an increased muscle volume, but 
decreases muscle quality and, subsequently, force production.  Indeed, it has 
recently been demonstrated that accumulation of IMCL within skeletal muscle is 
correlated with decreased force production in obesity (13). 
Studies have shown an increase in physical disability for obese individuals 
(41, 75, 82, 84).  Obese individuals have greater limitations in physical functioning 
which puts them at greater risk of injury.  These physical limitations may be a result 
of decreased specific force needed to perform activities of daily living, such as 
walking, standing from a chair, and climbing stairs.   
In addition to decreased specific force, skeletal muscle fatigability may 
contribute to altered biomechanics seen in obesity.  Skeletal muscle from obese 
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individuals has higher percentage of type II myosin heavy chain, and a lower 
percentage of type I myosin heavy chain (5, 76).  Type II fibers are more fatigable 
than type I fibers since they are glycolytic in nature.  Type I fibers of obese have 
been shown to have mitochondrial dysfunction of skeletal muscle (7).  Type I fibers 
of obese have shown an inability to increase mitochondrial ATP production which 
limits lipid utilization (7).  Coupled with lower amounts of type I fibers, the lipid 
stored within skeletal muscle is not able to be efficiently utilized during physical 
activities.  Together, these data suggest that skeletal muscle of the obese, due to 
increase AT, is more susceptible to fatigue. Indeed, Maffiuletti et al. (45) 
demonstrated that knee extensor fatigability is much higher in obese than lean 
individuals.  Increased skeletal muscle fatigue in obesity may lead to compensatory 
biomechanical adaptations and altered motor recruitment patterns designed to 
reduce energy demands of skeletal muscle during activities of daily living.    
Effect of Load Distribution on Skeletal Muscle Recruitment and Biomechanics 
Recently, load carriage studies have found several interesting biomechanical 
and energetic outcomes which are similar to those found in obese individuals.  
Obese individuals are classified due to their excess amount of AT which increases 
the load on their body.  External load carriage studies are similar to that of obese 
studies in that both require individuals to carry an excess load while performing 
acts such as walking or standing from and sitting in a chair.  Since load carriage 
studies focus solely on effects of added mass (and, in some cases, volume) this 
methodology provides a unique approach to determine the direct effects of 
increasing mass on biomechanics and eliminates confounding factors such as 
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skeletal muscle weakness, fatigability, and fiber type changes.  Unfortunately, the 
majority of external load studies focus on trunk loading or extremity loading in 
isolation, rather than in combination.  So, the kinematic, kinetic, and skeletal muscle 
outcomes are unique to trunk or extremity loading, not both.  Even in the presence 
of peripheral obesity, body mass is not gained exclusively in the lower extremities.  
DEXA scans have allowed researchers to determine the distribution of AT, 
specifically in the central and peripheral regions.  Studies have shown AT is typically 
distributed either 50% to the central region and 50% to the peripheral region, or 
40% to the central region and 60% to the peripheral region (14, 47, 61, 69).   
Trunk loading of approximately 10-20% of total body mass increases double-
support time (20, 37) during gait which is similar to obesity.  However, trunk 
loading also increases knee flexion (37) during gait.  Conversely, obese subjects 
maintain a more extended knee position throughout gait.  The knee kinematic 
differences are likely due to load location.  In the majority of trunk load studies, the 
load is applied posteriorly where AT is primarily accumulated in the anterior region.  
Trunk flexion is increased in backpack loading studies during gait (18, 37) further 
demonstrating that posterior loading of the trunk does not necessarily mimic the 
biomechanical alterations seen in obesity.  Thus, it appears that moderate weight 
gain is sufficient to induce biomechanical adaptations during ADL.  However, the 
specific location of this excess mass may be an important determinant of 
biomechanical adaptations. 
Along with increased body mass, body volume is also increased with obesity.  
In an attempt to assess the independent effects of body mass and volume on lower 
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extremity gait kinematics, Westlake et al. (80) examined the effects of increasing 
thigh load, thigh circumference, and a combination of these on gait kinematics.  
These researchers found that, similar to obese individuals, step width increased 
with increased thigh load and circumference.  Furthermore, increasing 
circumference, but not mass, of the thigh increased the knee adduction angle during 
gait (80).  These data suggest that increased body volume, but not mass per se, is the 
major determinant of altered biomechanics in obesity during activities of daily 
living. 
The STS task has not been widely studied during external loading conditions.  
However, a study by Savelberg et al. (62) showed that loading the trunk with 45% of 
the subject’s body weight decreased trunk flexion during the STS task.  The 
decreased trunk flexion observed in this study is similar to the kinematic pattern of 
obese and pregnant subjects (24, 29, 30, 69).  Obese adults maintain a more 
extended posture when completing the STS task (24, 69) which is, also, consistent 
with their posture during gait.  The STS task has been more widely studied in 
pregnant women, a population experiencing substantial central weight gain.  During 
pregnancy, body mass is acutely increased.  In the second and third trimesters of 
pregnancy, trunk mass increases at a greater rate than other regions of the body 
(34).  As pregnancy progresses, and body mass increases, pregnant women increase 
their support width during the STS task (30).  Also, STS duration in pregnant women 
remained similar as pregnancy progressed, however, the duration of the task phases 
were modified such that the extension phase (phase following seat-off until 
termination of motion) duration was increased (30, 44).  Also, as pregnancy 
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progresses, trunk flexion decreases (29, 30) which is similar to trunk kinematics of 
obese adults during the STS task.  Suggesting weight gain my substantially alter STS 
biomechanics.  However, other physiological adaptations, such as joint laxity, may 
contribute to the observed biomechanical changes during pregnancy. 
Increasing mass on the thighs is more energetically costly compared to trunk 
loading (1, 11).  Metabolic cost of walking with an external load applied to the trunk 
or waist has a lower metabolic cost compared to carrying an external load on the 
thighs (1, 11, 37).  Adding mass to the trunk is more energetically efficient because it 
most closely maintains natural center of mass, while adding an external load to the 
thighs shifts center of mass slightly, which is less efficient (11, 37).  Therefore, it is 
possible that increasing mass of the lower extremities, as seen with peripheral mass 
distribution, may require greater muscle force production than increasing mass 
centrally.  The higher metabolic cost of carrying loads peripherally may also elicit 
biomechanical differences between central and peripheral weight gain.  
Effects of Body Mass on Skeletal Muscle Activity During Activities of Daily 
Living 
Electromyography (EMG) is often used to evaluate skeletal muscle activity.  
EMG studies during gait and the STS task are lacking in the overweight and obese 
populations.  There has not been a consensus if surface EMG is a reliable method in 
overweight and obese populations (3, 38, 54), which could be affecting this area of 
research.  However, a recent study in healthy weight, overweight, and obese 
populations found an increase in gastrocnemius, vastus lateralis, and vastus 
medialis activity during mid-stance to late stance phases of gait (2).  Also, muscle 
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force of the gastrocnemius, normalized to lean mass, has been found to be greater in 
obese subjects compared to normal weight subjects walking at similar speed (43). 
These data suggest that increased body mass is sufficient to increase muscle activity 
and force production during ADLs.  
Several studies have focused on muscle activity during gait with trunk load 
conditions, such as military loads, backpack loads, and hiking loads.  During the 
stance phase of gait, the peak quadriceps muscle activity was shown to be 
significantly increased with increasing loads (58).  Trunk loading studies have 
shown an increase in total muscle activation of the vastus lateralis and vastus 
medialis during early stance phase of gait (28, 70, 71).  Also, during mid to late-
stance phase, gastrocnemius muscle activity increases with increasing trunk loading 
(37, 70, 71).  Several studies suggest the increases in quadriceps muscle activity are 
to maintain stability and joint control, specifically the knee, at heel strike during gait 
(2, 36, 71).  The increases in gastrocnemius muscle activity is to propel the subject’s 
forward during gait, since they are carrying increased loads (71).  To date, the 
effects of peripheral weight gain or obesity on skeletal muscle activity has not been 
reported.  This is likely due to methodological limitations due to reduced EMG signal 
due to excess SAT of the lower extremities. 
Conclusions 
It is clear physiological and biomechanical adaptations exist in populations 
with increased body mass, such as obese and pregnant women.  In addition to 
increased body mass, excess AT negatively affects skeletal muscle metabolic and 
contractile function which could contribute to altered biomechanics during weight 
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gain or obesity.  Central and peripheral load studies have shown varying effects on 
energetics which could necessitate compensatory biomechanical and/or muscle 
recruitment adaptations.  Although the majority of external load studies have 
focused on trunk loading in which biomechanical and muscle activity adaptations 
were similar to those of obese subjects, the effects of peripheral load distribution on 
biomechanics and skeletal muscle recruitment have not been widely studied during 
activities of daily living.  The distribution of load, as in central and peripheral weight 
gain, may have independent effects on biomechanics and muscle activity during 
activities of daily living.  
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METHODS 
Subjects 
Fifteen subjects (5 male; 10 female subjects), ages 18-40 (24.1 ± 4.2 years), 
volunteered to participate in this study.  Subjects were normal weight and BMI 
(weight 63.9 ± 10.9 kg; BMI 22.4 ± 1.9 kg/m2), recreationally active, and weight 
stable for ≥ 6 months prior to the study.  Also, the subjects were free of chronic 
lower back and lower extremity joint pain, major spinal or lower extremity joint 
surgery, balance, neuromuscular, musculoskeletal, cardiovascular, pulmonary, and 
metabolic diseases and disorders.  Subjects had not experienced an injury to their 
spine or lower extremity within the 3 months prior to the study.  Each subject gave 
written informed consent and all experimental procedures were approved by the 
University of Kentucky’s Institutional Review Board. 
Anthropometric data from each subject were collected, including height, 
weight, waist circumference, and hip circumference.  Height was taken to the 
nearest 0.1 m, weight was recorded to the nearest 0.1 kg, and circumferences were 
recorded to the nearest 0.1 cm.  Waist circumference was taken at the visually 
narrowest point near the umbilicus and hip circumference was at the visually 
maximal circumference of the subject’s gluteus muscles.  The subject characteristics 
are presented in Table 1.   
Load Carriage and Distribution 
In order to determine how increases in body mass affect lower extremity 
biomechanics and muscle activation, subjects carried external loads (equivalent to a 
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5 kg/m2 BMI increase) that mimicked either central and peripheral weight gain 
(Figure 1).  The 5 kg/m2 increase in BMI corresponded to a mean external load of 
22.5 ± 1.8% of the subject’s body weight.  Westlake et al. (80) recently 
demonstrated that changes in body volume affect gait biomechanics independent of 
changes in body mass.  Therefore, in order to eliminate effects of increased volume, 
our method of loading ensured all participants received a similar relative increase in 
body volume during external loading.  The external load was distributed to mimic 
either central (abdominal) or peripheral (hips and upper thighs) weight gain.  In 
order to mimic central weight gain, 100% of the external load was placed in an 
adjustable weighted vest (CAP, Houston, TX, USA).  Since AT has been shown to be 
distributed 40% - 50% to the abdominal region and 50% - 60% to the upper thighs 
(14, 47, 61, 69), to mimic peripheral weight gain, the external load was distributed 
evenly to the torso and upper thighs.  Therefore, 50% of the external load was 
carried in the adjustable weighted vest and 50% to adjustable neoprene 
compression sleeves on each leg.  The adjustable neoprene sleeves were loaded with 
0.5 kg weights until the required mass was achieved and each leg received equal 
amount of weight.  Each subject completed the task under unloaded, centrally 
loaded (CL), and peripherally loaded (PL) conditions in randomized order. 
Sit-to-stand Test 
Subjects completed the sit-to-stand (STS) task from a backless, stationary 
chair (52.0 cm).  Chair arms were provided as a safety measure, although subjects 
did not use armrests during testing.  Subjects were asked to cross their arms over 
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their chest while completing each task.  Data collection continued until three 
successful trials of each phase of the task were completed.  Successful trials were 
characterized by 1) no use of the arm rails, 2) both feet in contact with the floor for 
the duration of the trial, and 3) full hip extension was reached.  Each subject 
completed the STS activity under each load condition (UN, CL, PL) in random order.  
Subjects were given up to 5-minutes rest between trials and between load 
conditions in which they were seated in a chair. 
Surface Electromyography 
Subjects were prepared for surface electromyography (sEMG) following the 
SENIAM guidelines (16, 18).  Electrode placement was the distal third of the 
following muscles - vastus lateralis (VL), vastus medialis (VM), semitendinosus (ST), 
and medial gastrocnemius (MG) – and parallel to the muscle fiber orientation on the 
self-reported dominant leg.  Each subject stood on level ground during sEMG 
preparation.  The location of each sEMG electrode was marked using a black 
permanent marker superficial to the appropriate muscle following the SENIAM 
guidelines for location.  Following marking on the subject’s dominant leg, each 
location was shaved, skin abraded, and cleaned with an alcohol swab to ensure 
direct contact with the skin.  After skin preparation was complete, the electrodes 
were placed on the appropriate muscle locations.  The surface electrodes have a bi-
polar Ag surface (Delsys Inc., Boston, MA, USA), each electrode measuring 1 mm in 
diameter with a fixed inter-electrode distance of 1 cm.  An additional grounding 
electrode was placed on the subject’s ipsilateral hand to sEMG electrodes and 
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secured using pre-wrap.  Muscle activity was detected with DE-2.1 single differential 
sEMG sensor and amplified by a BagnoliTM 16-channel system (Delsys Inc., Boston, 
MA, USA) with a sampling rate of 1000 Hz. 
Following electrode placement, subjects were asked to lie supine on a 
padded table to record baseline muscle activity for 2 minutes.  Following baseline 
EMG recording, subjects were asked to perform two maximal voluntary isometric 
contraction (MVIC) for each muscle group following the SENIAM guidelines.  Each 
trial lasted 5 seconds with 30 second break in between trials.  Resistance to 
movement was provided manually by an investigator.  Subjects were instructed to 
push against the manual resistance as hard as they could for the entire 5 second 
trial.  Subjects were verbally encouraged by investigators during each trial.   
Kinematic Motion Analyses 
Fifty-six small retro-reflective markers were attached to the subject’s skin 
using toupee tape to identify anatomical landmarks of the lower extremity and 
trunk at anterior and posterior shoulders, acromial angles, jugular notch, T12, 
anterior superior iliac spines, iliac crests, posterior superior iliac spines, L5/S1, 
medial and lateral femoral condyles, medial and lateral malleoli, proximal and distal 
heels, lateral heels, 1st and 5th metatarsal heads, and toes. Also, soft shell marker 
clusters were used – thighs and shanks.  The right lower-extremity included offset 
markers on the top of the shoe (between the 1st and 5th metatarsal head) and on the 
thigh and shank clusters.  Anatomical/joint markers were only left on during a static 
calibration trial; 34 tracking markers remained on the subject’s acromial angles, 
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jugular notch, Iliac crests, posterior superior iliac spines, thigh clusters, lateral 
femoral condyles, shank clusters, lateral malleoli, lateral heel, proximal and distal 
heels, 5th metatarsal heads, and toes during testing.  10 Eagle cameras which were 
linked to Cortex 5.5 (Motion Analysis Corporation, Santa Rosa, CA, USA) were used 
to capture retro-reflective marker co-ordinate data throughout the testing protocol 
at a sample rate of 200 Hz. 
A static trial was then recorded with the subject standing with their arms 
crossed over their chest.  Some retro-reflective markers were then removed so only 
the thirty-four dynamic/tracking markers remained.  A dynamic standing trial was 
then collected with the subject standing on force plate two with their arms crossed 
over their chest.  The dynamic standing trial allowed for a more fluid data collection. 
Data Processing and Analysis 
Data were first processed using Cortex 5.5 (Motion Analysis Corporation, 
Santa Rosa, CA, USA).  Three successful trials under each load condition were 
analyzed.  Once each trial was processed in Cortex 5.5, Visual 3D (C-Motion Inc., 
Germantown, MD, USA) was used analyze the processed data.  EMG and motion 
analysis were completed using Visual 3D.  A 3D skeleton model of the thoracic cage, 
pelvis, femurs, lower leg (tibias and fibulas), ankles, and feet was created using 
Visual3D. 
Kinematic data were filtered using a 4th order Butterworth 8 Hz low-pass 
filter.  Trial onset and termination were determined from hip motion.  Onset was 
determined to be when hip flexion angle exceeded 5 standard deviations from the 
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initial hip angle for 10 frames, while termination was when the subject’s hip angle 
dropped by 5 standard deviations from the final hip extension angle (6).  The time 
between onset and offset was calculated and recorded as cycle duration in seconds.  
Peak trunk flexion angle was determined using the thoracic cage, modeled in 
Visual3D, in reference to the laboratory.  In order to determine maximum trunk 
velocity, the first derivative of the trunk marker displacement was taken.  Support 
width during the STS task was determined by average interheel distance during the 
STS task duration.   The average distance between the right and left proximal heel 
markers was used to determine support width (m).   
The EMG data from one subject was significantly elevated (~10 fold higher) 
compared to the other subjects, thus we excluded this subject from EMG analysis.  
Therefore, all EMG data are presented with N = 14.   
Each EMG signal was full-wave rectified and digitally filtered using a 4th 
order Butterworth 10 Hz high-pass filter and a 350 Hz low-pass filter.  The linear 
envelope for each muscle was created using a 0.05 second RMS sliding window.  
EMG linear envelopes were normalized to the average of the maximum values of 
two MVIC trials, so the values were expressed as a percentage of MVIC (% MVIC).  
The MVIC trials were processed and filtered in the same manner as mentioned 
previously.  The peak muscle activity, total muscle activity, and timing of peak 
muscle activity (% of cycle) data were analyzed from the linear envelope of each 
muscle.  The average of the linear envelopes of two MVIC trials were used to 
normalize EMG data, and thus data are expressed as a percentage of MVIC (% MVIC), 
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unless otherwise noted.  Total muscle activity (AUC) was calculated using GraphPad 
Prism (version 7.00 for Windows, GraphPad Software, La Jolla, CA, USA).   
Statistical Analysis 
All data are presented as mean ± SD unless otherwise noted.  A repeated 
measures ANOVA was performed with a significance level of α = 0.05 and a Tukey’s 
post-hoc test comparisons when appropriate for each activity (GraphPad Prism 7.00 
for Windows, GraphPad Software, La Jolla, CA, USA).  
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RESULTS 
Subject Characteristics and External Loading 
In all, 15 participants (males = 5, females = 10) completed this study.  As 
shown in Table 1, the average age of the participants was 24.1 ± 4.2 years with an 
average height and weight of 1.7 ± 0.12 m and 63.9 ± 10.9 kg, respectively, and an 
average BMI of 22.4 ± 1.9 kg/m2.  Central (Figure 1a) and peripheral (Figure 1b) 
loading each increased BMI by 5 kg/m2 (27.4 ± 1.9 kg/m2).  The mean increase in 
external mass was equivalent to 22.5 ± 1.8 % of the subject’s body mass. 
Peripheral, but Not Central, Loading Increases Support Width During Sit-to-
stand 
We first wanted to determine how CL and PL affected performance of the STS 
activity.  As shown in Figure 2a STS cycle duration lasted 1.74 ± 0.28 sec in the UN 
condition.  Neither CL (1.79 ± 0.41 sec) or PL (1.82 ± 0.31) significantly altered STS 
cycle duration.  Under UN conditions, the support width during STS was 0.27 ± 0.06 
m (Figure 2b).  CL (0.27 ± 0.05 m) did not significantly alter support width, 
however, PL (0.29 ± 0.06 m) significantly increased support width compared to both 
UN (p = 0.004) and CL (p = 0.009). 
Peripheral, but Not Central, Loading Trends to Increase Trunk Flexion and 
Velocity During Sit-to-stand 
We next analyzed how peak trunk flexion angle and peak trunk flexion 
velocity were affected during CL and PL during STS.  The average peak trunk angle 
during the STS cycle was analyzed for each load condition.  As shown in Figure 3a, 
the peak trunk flexion angle during STS was 38.7 ± 10.4° during UN.  CL (37.8 ± 9.3°) 
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did not significantly alter peak trunk flexion angle.  PL (42.9 ± 7.6°) trended to 
increase peak trunk flexion compared to UN (p=0.088), but this failed to reach 
statistical significance.  However, peak trunk flexion angle was found to be 
significantly greater during PL compared to CL (p = 0.018). 
In addition to trunk angle, trunk velocity can play an important role in 
initiating STS.  The average peak trunk flexion velocity achieved during the STS cycle 
was calculated for each load condition (Figure 3b).  Peak trunk flexion velocity was 
found to be 87.9 ± 15.3 m/s during UN.  Peak trunk flexion velocity was not 
significantly altered during CL (91.8 ± 5.75 m/s).  During PL (99.8 ± 17.7 m/s), peak 
trunk flexion velocity was found to be significantly greater compared to UN (p = 
0.0441) and CL (p= 0.0341). 
Central, but Not Peripheral, Loading Increases Activation of Knee Extensors 
During Sit-to-stand 
Next, we wanted to determine how CL and PL affected activation of the major 
muscle groups of the lower extremities during STS.  Peak EMG activity and EMG area 
under the curve (AUC) for each muscle (MG, ST, VL, and VM) were determined 
during the STS cycle for each load condition.  Representative EMG tracings during 
STS under the three loaded conditions are shown in Figure 4. 
 Neither CL or PL significantly altered peak EMG activity of the MG (Figure 5a) 
or ST (Figure 5b).  However, CL produced a small (14.7%), but statistically 
significant (p = 0.048) increase in peak EMG activity of the VL compared to UN 
(Figure 5c).  PL did not significantly alter VL activity compared to UN.  For VM, peak 
EMG activity was greatest for CL compared to UN and PL (Figure 5d).  The increase 
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in VM peak EMG activity was 24.5% greater than UN (p = 0.016) and 29.5% (p = 
0.001) greater than PL.  The timing of the peak muscle activities during the STS cycle 
were similar for all muscles (Figure 6 a-d). 
The EMG AUC was calculated within the parameters of the defined STS cycle to 
determine total muscle activity for each muscle and load condition.  The EMG AUC 
for MG (Figure 7a) and ST (Figure 7b) were not significantly different among load 
conditions.  EMG AUC of the VL trended to increase with CL (p = 0.066), but this 
failed to reach statistical significance.  The EMG AUC of the VM was statistically 
greater during CL compared to UN (p = 0.033) and PL (p = 0.012).  The EMG AUC for 
VM was similar during UN and PL conditions. 
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Table 1. Subject Characteristics. (mean ± SD) 
 
Age (years) 24.1 ±   4.2         
Height (m) 1.70 ±   0.12 
    Weight (kg) 63.9 ± 10.9 
    BMI (kg/m2) 22.4 ±   1.9 
    Waist Circumference (cm) 73.4 ±   7.6 
    Hip Circumference (cm) 94.5 ±   3.2 
    Central Load (kg) 14.3 ±   2.0 
    Peripheral Load (kg) Trunk (kg) Thighs (kg) 
 
 
7.5 ±   1.2 6.8 ± 0.9 
 Increase in BW (%) 22.5 ±   1.8         
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Figure 1. Central load and Peripheral load diagrams.  Illustrations of a) Central 
load and b) peripheral load. 
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Figure 2. Duration (s) and support width (m) during STS Cycle.  a) The duration 
(s) of the STS cycle was not statistically different between load conditions.  b) 
Support width was determined using the average distance between the left and 
right proximal heel markers of each subject during the STS cycle.  The average 
support width (m) was statistically different between load conditions over the STS 
cycle (p=0.002).  Support width was significantly larger during PL compared to UN 
(p=0.004) and CL (p=0.009).  Data are expressed as means (bars) and individual 
data points (dark circles) (N = 15).  * p ˂ 0.05 vs. UN; ‡ p ˂ 0.05 CL vs. PL. 
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Figure 3.  Peak Trunk Flexion Angle and Flexion Velocity during STS Cycle.  a) 
Peak trunk flexion (°), b) peak trunk flexion velocity (m/s).  The peak trunk flexion 
(°) was found to be statistically different between the three load conditions 
(p=0.0184).  The peak trunk flexion angle was found to be statistically greater 
during the PL compared to the CL conditions (p=0.0180).  A repeated-measures 
ANOVA revealed peak trunk velocity (m/s) was significantly different between all 
load conditions (p=0.0367).  Post-hoc analysis illustrated peak trunk flexion velocity 
was significantly greater during PL compared to UN (p = 0.0441) and CL (p = 
0.0341).  Data are expressed as means (bars) and individual data points (dark 
circles) (N = 15).  * p ˂ 0.05 vs. UN; ‡ p ˂ 0.05 CL vs. PL. 
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Figure 4. Representative EMG tracings for MG, ST, VL, and VM for each load 
condition.  Column I = UN; column II = CL; column III = PL.  Row a) MG, b) ST, c) VL, 
and d) VM.  The filtered, rectified, smoothed, and normalized EMG tracings during 
the STS cycle.  The signals are displayed as a ratio to the average of two MVIC trials.  
The signals were normalized to the cycle so 0% represents initiation of the cycle, 
while 100% represents termination of the cycle.  Shaded region indicates SD. 
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Figure 5. Peak muscle activity during the STS Cycle.  The peak muscle activity, as 
a percentage of MVIC, was determined during the STS cycle.  a) MG, b) ST, c) VL, and 
d) VM.  MG and ST were statistically similar for all load conditions.  A main effect for 
load was found for VL and VM.  For VL, UN and CL were statistically significant.  
Also, for VM, CL was statistically different from UN and PL.  Data are expressed as 
means (bars) and individual data points (dark circles) (N = 14).  * p ˂ 0.05 vs. UN; ‡ 
p ˂ 0.05 CL vs. PL. 
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Figure 6.  Timing of peak muscle activity during the STS cycle.  a) MG, b) ST, c) 
VL, and d) VM.  The timing of peak muscle activity was calculated as a percentage of 
STS cycle.  No statistical significance was found for all muscles during each load 
condition.  Data are expressed as means (bars) and individual data points (dark 
circles). N = 14. 
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Figure 7.  Total muscle activity throughout the STS Cycle.  a) MG, b) ST, c) VL, 
and d) VM.  The area under the curve (AUC) was calculated during the STS cycle to 
determine the total muscle activity.  The total muscle activity for MG, ST, and VL was 
similar between load conditions.  A main effect for load was determined for VM.  
Also, CL was found to be statistically different from UN and PL.  Data are expressed 
as means (bars) and individual data points (dark circles) (N = 14).  *p ˂ 0.05 vs. UN; 
‡ p ˂ 0.05 CL vs. PL. 
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Figure 8. Effects of weight gain on biomechanics and muscle activity during 
the STS task (working model).  The known effects of weight gain and distribution 
on biomechanics and muscle recruitment during the STS movement indicated by 
solid red (CL) or green (PL) arrows.  Also, future questions on how these 
biomechanics and muscle recruitment alterations influence knee kinetics and risk of 
joint injury indicated by black, dashed arrows and red question marks. 
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DISCUSSION 
 The purpose of this study was to determine the effects of simulated moderate 
weight gain, mimicking central and peripheral distributions, on STS performance, 
kinematics, and lower extremity skeletal muscle activity.  We hypothesized central, 
but not peripheral, loading would decrease peak trunk flexion angle during the STS 
task.  Our findings showed CL peak trunk flexion angle was less than PL, but not 
different from UN which does not support our hypothesis.  Second, we hypothesized 
central and peripheral loading would increase knee extensor EMG activity during 
STS.  Peak EMG activity of VL and VM was significantly increased during CL 
compared to UN and peak EMG activity of VM was significantly greater during CL 
compared to both UN and PL.  EMG AUC of VM was significantly greater during CL 
compared to UN and PL.  Thus, CL, but not PL, increased EMG activity of knee 
extensors. 
The major finding of the present study is that central and peripheral loading 
elicit different kinematic and muscle recruitment adaptations to complete the STS.  
Specifically, CL increased knee extensor EMG activity independent of kinematic 
changes.  Conversely, PL significantly increased support width, peak trunk flexion 
velocity, and trended to increase peak trunk flexion angle.  EMG activity was 
unaffected by PL.  These findings, together, suggest central and peripheral weight 
gain elicit differential kinematic and/or muscle recruitment strategies.  Based on 
these results, it is likely that central and peripheral weight distributions produce 
different kinematic and skeletal muscle activity adaptations in other ADLs such as 
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walking and stair climbing.  Also, it is possible central and peripheral weight gain 
differently affect development of lower extremity pain or injury. 
STS task duration was not significantly different between load conditions.  
These data are consistent with previous studies examining pregnant and obese 
populations during the STS movement (24, 30, 69).  Overweight and moderately 
obese subjects have shown similar STS duration as normal weight subjects (64).  
However, STS duration is significantly increased in extremely obese subjects (64).  
In the present study, participants were loaded with external loads sufficient to 
increase BMI by 5 kg/m2.  It is important to note that we tested only normal weight 
(BMI 18.5-24.9 kg/m2) individuals.  Therefore, none of our participants would be 
classified as even moderately obese following external loading.  Therefore, our data 
suggest that moderate weight gain (~20-25% body mass) per se is insufficient to 
alter STS duration.  This hypothesis is consistent with findings of Gilleard et al. (30).  
The aforementioned authors demonstrated that STS duration was unchanged 
during pregnancy despite an average weight gain of 10 kg (30).  It is important to 
note that these researchers did note that progression of pregnancy altered duration 
of specific phases of the STS cycle (30).  So, although total duration of the STS 
remained unchanged in late pregnancy, the specific phases of the task may be 
influenced by additional mass.  Previous STS studies have broken down the task into 
phases including initiation (including trunk movement), seat-off, and full knee 
and/or hip extension (30, 62).  Seat-off requires the subject progress from a static, 
stable position to a dynamic, relatively unstable position in order to reach full 
extension, and, thus, achieve full standing position.  Finally, termination of the STS 
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task results in a fully extended body position, which, again, puts the body in 
relatively stable position.  In the present study, we did not analyze duration of 
specific phases of the STS cycle.  It is possible that central and/or peripheral loading 
significantly altered duration of specific STS phases without changing the total STS 
duration.  Studies have also shown spatial-temporal alterations in trunk loading and 
obese subjects during gait.  Since our findings for task duration are consistent with 
obese subjects and pregnant women, it would be beneficial to determine if other 
ADLs, such as gait and climbing stairs, are altered by body mass distribution. 
During STS, trunk flexion is a key component to successful completion of 
seat-off.  In this study, PL increased peak trunk flexion angle compared to the CL 
condition.  Even though in the CL and PL conditions the same amount of external 
mass was added, the distribution of this load affected the peak trunk flexion angle 
during the STS movement.  Distributing the entirety of the external load to the trunk 
region (i.e. central load) did not alter trunk flexion while distributing the load 
between the trunk and upper thigh region (i.e. peripheral load) required a 
significantly greater peak trunk flexion angle during the STS movement.  Our data 
indicate moderate weight gain (20-25% of body weight) is not sufficient to decrease 
peak trunk flexion angle during STS.  This agrees with results from Savelberg et al. 
(62) who found maximal trunk flexion angle was decreased when subjects were 
trunk loaded with 45%, but not 15% or 30% total body mass.  Also, previous studies 
have shown severely obese subjects, but not moderately obese subjects, have a 
decreased trunk flexion angle during STS (24, 69) as well as during gait (17) 
compared to normal weight subjects.  Gilleard et al. (29) found as pregnancy 
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progressed, and trunk segment mass and volume increased, trunk flexion angle 
decreased.  With the external mass concentrated in the trunk region, it may be 
possible that sufficient momentum can be generated with limited trunk flexion, 
allowing the STS motion to be successful.  Thus, the excess mass was positioned 
closer to the fulcrum, prior to movement, which would limit the amount of trunk 
flexion necessary to generate sufficient momentum to complete the STS task.   
Limiting the amount of trunk flexion in situations of increased load decreases 
risk of lower back injury, but increases risk for knee injuries and pain (24, 69).  Our 
study found trunk flexion angle was significantly greater during PL compared to CL, 
suggesting PL could increase the risk of lower back and reduce knee injuries due to 
a larger forward flexion motion of the trunk.  A study involving back loading (i.e. 
school backpacks) showed an increase trunk flexion angle with increasing weight of 
the backpack, which may be due to a posterior shift in the center of mass (66).  In 
the present study, the center of mass was shifted anteriorly with the CL condition to 
better mimic central weight gain.  Trunk flexion allows the center of mass to be 
moved closer to the fulcrum which is necessary to complete the STS task (30, 57, 
66).  Unlike backpack loads, our CL was applied anteriorly, which allows the center 
of mass to remain in the anterior region, like in the UN condition.  The CL condition 
allowed the center of mass to remain relatively similar to the center of mass during 
the UN condition.  This resulted in similar peak trunk flexion angles during the CL 
and UN conditions.  In other words, during the UN and CL conditions the amount of 
peak trunk flexion necessary to move the center of mass close to the fulcrum was 
similar due to the initial center of mass position in both load conditions.  However, 
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in the PL condition, the center of mass was shifted distally requiring a greater peak 
trunk flexion angle in order to complete the STS task.  In other words, a greater peak 
trunk flexion angle was required to move the center of mass closer to fulcrum 
during the PL condition.  Previous studies have shown obese subjects tend to walk 
with a more erect posture (17), however the distribution of AT in these obese 
subjects was not reported.  Determining the effects of load distribution patterns 
may provide information as to whether the distribution of the AT load influences 
biomechanics during ADLs, such as gait and/or climbing stairs. 
In combination with mass, trunk velocity is critical to the momentum created 
prior to seat-off of the STS movement (57).  In the present study, mass was 
increased in both CL and PL conditions, but during the PL condition a greater trunk 
flexion velocity was observed compared to the CL and UN conditions (UN p =0.0441; 
CL p = 0.0341).  Trunk flexion angle, also, contributes to linear momentum during 
the STS task (30).  Pregnant women have been shown to have an increasing trunk 
segment mass as pregnancy progresses (44).  Gilleard et al. (30) suggested the 
momentum necessary to complete seat-off was generated with a lower velocity.  In 
this study, we found a trunk flexion velocity was lower during the CL condition (i.e. 
increased trunk segment mass) compared to the PL condition, which is similar to 
Gilleard et al. (30).  Thus, the heavier CL trunk segment did not require as high of a 
velocity to generate momentum to complete seat-off.  In contrast, during the PL 
condition peak trunk flexion velocity was higher compared to UN (p=0.0441) and CL 
(p=0.0341).  Since the load was distributed between the trunk and upper thighs in 
the PL condition, not concentrated in the trunk region, a higher trunk flexion 
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velocity was necessary to generate the required momentum to complete seat-off.  To 
overcome the increased load, which shifted center of mass distally, in the PL 
condition, compensatory mechanisms of the trunk were necessary (greater peak 
trunk flexion and greater peak trunk flexion velocity). 
In the present study, support width (interheel distance) was significantly 
wider during PL compared to UN and CL conditions.  These data conflict with those 
of Schmid et al. (63) who demonstrated that support width is similar between 
normal weight and extremely obese subjects.  It should be noted, however, that 
these researchers did not distinguish between individuals with central and 
peripheral obesity.  During gait activities, increasing thigh mass or circumference 
significantly increases stance width, however increasing thigh circumference 
increases stance width more significantly than increasing thigh mass alone (80).  
Therefore, it is possible that the added the added mass or volume to the thighs 
during the peripheral load condition resulted in a wider base of support, although 
increasing volume may play a greater role.  It should be noted that we specifically 
added mass to the anterior, posterior, and lateral aspects of the upper thigh.  
Therefore, our increased support width was not due to physical restraints of adding 
mass to the medial aspects of the upper thigh.  We hypothesize that increasing thigh 
mass and/or volume to the lateral aspects of the thigh increased support width in an 
attempt to position the mass of the thighs within the base of support.  It may be a 
spatial-temporal adaptation to increase support width in order to maintain body 
posture and position due to increased mass and volume about the thighs.  Since 
peripheral loading increased support width, it is possible that this type of weight 
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gain alters medial and lateral forces on the knee joint which may contribute to 
development of knee injury or OA.  Obese subjects have shown decreased knee 
abduction moments during gait compared to normal weight subjects (50).  
However, Westlake et al. (80) found neither increased thigh circumference or mass 
altered knee adduction moments.  Although Westlake et al. (80) only focused on 
thigh loads, our peripheral load condition accounts for trunk load in combination 
with upper thigh loads, which may affect frontal knee plane kinetics differently.  
Thus, future research should determine how central and peripheral weight gain 
affect knee moments during ADLs including STS.  
In contrast to peripheral loading, central loading did not significantly alter 
support width in the present study, indicating increased trunk mass does not 
necessitate an increased base of support during STS.  In pregnant women, 
specifically late in pregnancy, increased support width has been noted during the 
STS task (29, 30).  Pregnant women increase trunk volume in combination with 
increased trunk mass (29, 30, 34).  This increased support width may be a 
mechanism to accommodate increased abdominal region volume to allow forward 
trunk flexion to occur (30).  In order to specifically determine the effects of 
increased body mass on biomechanics, we minimized increases in body volume 
which may explain why we did not observe an increase in support width during 
central loading.  The weight vest in the present study allowed the external load to be 
kept relatively close to the trunk, minimizing obstruction from increased segment 
volume.  As Westlake et al. (80) observed, increasing thigh circumference had a 
more significant effect on step width, compared to increased mass, thus altering 
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thigh volume may be the major contributor to increased step width rather than total 
load itself.  Also, it is also possible that the load used in the current study was 
insufficient to increase support width during CL.  In the present study, body mass 
was increased enough to elicit a 5 kg/m2 increase in BMI (22.5 ± 1.8% of initial BW).  
Including the external load, our subjects BMI was 27.4 ± 1.9 kg/m2, which is still 
considerably less than the criteria for obesity.  Gilleard et al. (30) noted early to mid-
pregnancy did not require and increased support width, which could be due to 
limited weight gain and abdominal volume increase at this point of pregnancy. 
Differences in trunk flexion and support width during STS suggest that lower 
extremity muscle activation may be different between UN, CL, and PL.  Therefore, 
we analyzed muscle EMG activity to determine how artificial weight gain affects 
peak muscle activity, timing of peak muscle activity, and total muscle activation.  
Peak MG and ST activity, timing of MG and ST peak activity, and AUC for MG and ST 
were not significantly different among load conditions.  The knee extensor muscles, 
specifically VL and VM, seemed to be of most affected during the concentric 
movement of STS.  Peak EMG activity of the VM was significantly greater during the 
CL condition compared to UN and PL condition.  Also, peak EMG activity of VL was 
significantly greater during the CL compared to UN condition.  Trunk loading 
increases the peak muscle activity of the knee extensor muscles during activities of 
daily living, such as gait and standing from a chair (58).  Our findings are consistent 
with previous literature evaluating how trunk loading affects lower extremity peak 
muscle activity during stance phase of gait (58).  Interestingly, peak EMG activity of 
the VM was significantly lower during PL than the CL condition.  However, trunk 
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flexion angle was significantly greater during PL compared to the CL condition.    
Trunk flexion influences muscle recruitment necessary to stand up from a chair (62) 
and the degree of trunk flexion during the STS task has been identified as a major 
adaptive mechanism for completing the STS task (30, 57, 69).  The greater the trunk 
flexion, the more forward the center of gravity moves which alters lower extremity 
muscle patterning to complete the STS task (62).  Thus, since the trunk was flexed 
closer to the thighs during PL the center of mass was distributed over the base of 
support which reduced stress on the VM. 
Also, it should be noted the timing of peak VM activity occurred between 30-
33% of the STS cycle, which was at the initiation of seat-off.  In order to initiate the 
seat-off portion of the STS task, VM needed to generate peak activity and VM activity 
remained significantly greater throughout the STS cycle for the central load 
condition.  The timing of peak VL activity occurred between 31-34% of the STS cycle 
for all load conditions, again near the initiation of seat-off.  These findings indicate 
knee extensors play a crucial role in initiating seat-off during the STS activity.  
However, peak VL activity was only significantly increased during CL condition 
compared to UN (p=0.0484) and total VL activity remained similar between load 
conditions as the STS cycle progressed.  These findings indicate VM may play a more 
important role in seat-off and full extension during the STS task.   
Since the duration to complete the STS task were not found to be different 
between load conditions, EMG AUC was utilized to assess total muscle activation.  In 
the present study, VM AUC was significantly greater during CL compared to UN and 
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PL conditions.  These finds are consistent with previous research by Savelberg et al. 
(62) which found VM activity to increase linearly with increasing trunk loads during 
STS.  However, since we did not see an increase in VM activity with PL, it appears 
that this effect is specific to increasing trunk mass.  Since obese subjects have been 
shown to walk with a more extended knee position (10, 17, 43, 49) greater 
activation of the knee extensor muscles during stance phase has been observed, also 
(2).  Amiri et al. (2) speculated the increased muscle activity of the knee extensors 
was to provide stability to the knee joint during stance phase due to the increased 
load on the body.  Stability has been noted as a key feature of strategies to complete 
ADL in different populations, such as overweight and obese, pregnant, and the 
elderly (30, 57, 62, 69).  Knee joint stability is of concern, which is related to knee 
extensor muscle function and recruitment.  Simpson et al. (71) observed longer 
burst duration and total muscle activity of the quadriceps muscles during the stance 
phase of gait when external trunk loads were carried by health weight subjects.  
This change in muscle activity has been attributed to increased need for knee 
stability during stance phase due to the increased load (71).  In other words, with 
heavier loads the knee joint was more unstable compared to the UN condition which 
required more knee extensor activity to maintain knee stability.  Similarly, obese 
subjects limit their amount of trunk flexion which results in greater torque at the 
knee joint (69).  A larger knee joint torque would require increased muscle activity 
of the knee extensor muscles, which generate force at the knee joint.  Gilleard et al. 
(30) discussed the change in trunk flexion as pregnancy progresses alters the 
demand on lower extremity muscles, which could lead to injury or pain.  The VM is 
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responsible for proper patellar tracking during knee extension movements which 
could be anatomically driving the increase in VM AUC during the central load 
condition.  In the present study, no significant difference was found for VL AUC 
during the STS task.  Although VL is, also, a knee extensor it is active throughout the 
duration of extension.  Thus, the VL AUC may have remained unchanged during each 
load condition because it is a main contributor to knee extension throughout the 
entire motion.  When the load is distributed, as in the peripheral condition, VM AUC 
is similar to the UN condition.  In the PL condition, compared to the CL condition, 
the load was moved distally (i.e. closer to the knee joint) which would decrease the 
amount of torque at the knee joint necessary to complete seat-off and full extension 
of the STS task, thus decreasing total muscle activity to complete the motion.  This 
indicates that distributing a portion of the load to the thighs would decrease the 
stress on the VM during the STS motion. 
 The different distributions of added mass have shown to influence 
biomechanics and muscle recruitment during the STS task differently.  Figure 8 
illustrates the effects of CL and PL on biomechanics and muscle recruitment.  
Duration of the STS task does not seem to be influenced by increased load.  Support 
width is increased in PL, while it remains similar during CL to UN.  Increased 
support width could cause increased lateral or medial loading of the knees, which 
could lead to increased risk of knee joint injury or OA.  CL has shown similar trunk 
flexion angle to UN, while PL has shown increased trunk flexion compared to CL.  
Increased trunk flexion velocity was observed in PL compared to UN and CL.  Muscle 
recruitment was, also, shown to be influenced by weight gain.  Peak knee extensor 
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activity increases in the CL condition, compared to UN and PL.  Also, total muscle 
activity, as determined by AUC, of the knee extensors is greater during the CL 
condition, compared to the UN and PL conditions.  Trunk flexion is a key feature to 
the STS movement, which we have shown is influenced by different load 
distributions.  In the present study, we saw a more erect trunk posture in the CL 
condition, which limits stress on lower back muscles, but may require lower 
extremity joints, specifically the knee, to take on a greater force in order to initiate 
and complete the STS task.  The limited trunk flexion could lead to increased sagittal 
plane knee joint moments, which may increase the risk for knee joint injury or 
disorders, such as OA.  Also, during CL we observed increases in peak knee extensor 
activity and total knee extensor activity which may be required to complete the STS 
task since trunk flexion is limited during this type of loading.  Conversely, in the PL 
condition, increased trunk flexion was observed which allowed the load to be 
moved closer to the fulcrum, possibly reducing lower extremity joint stress but 
increasing risk of lower back pain.  Unlike the CL condition, this increased trunk 
motion and velocity may, also, limit increases muscle recruitment and activity 
during peripheral loading since the load is brought closer to the fulcrum which 
would require less muscle force to initiate and complete the STS motion.  However, 
further exploration into how CL and PL weight gain affect knee and hip kinematics 
and kinetics is necessary.  Although this working model applies to the STS task, 
other ADL, such as walking and climbing stairs, are important to understanding how 
load distributions affect biomechanics and muscle activity.   
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CONCLUSIONS 
 The purpose of this study was to determine the effects of simulated central 
and peripheral weight gain on STS performance, trunk kinematics, and skeletal 
muscle recruitment and activity.  The major conclusion of this study is that central 
and peripheral weight gain differently affect kinematic and muscle recruitment 
adaptations during STS.  Based on our results, we hypothesize that central weight 
gain elicits an erect posture during STS, thus requiring increased muscle activity of 
the knee extensors to complete the STS.  In contrast, peripheral weight gain induces 
trunk kinematic adaptations (increased flexion velocity and angle) to generate 
sufficient momentum for seat-off.  This increased trunk flexion positions the center 
of mass closer to the knee joint, eliminating the need for increased knee extensor 
activation.  These findings suggest that the specific mechanisms underlying lower 
extremity injury may be different between central and peripheral obesity. 
We found support width was increased during PL compared to UN and CL, 
while duration of the STS task was similar between all load conditions.  Peak trunk 
flexion angle was increased during PL compared to CL, but peak trunk flexion 
velocity was increased during PL compared to both CL and UN.  Of the knee 
extensors, muscle activity of VM was found to be more effected than VL.  Peak EMG 
activity of VL was only found to be increased during CL compared to UN, while peak 
EMG activity of VM was increased during CL compared to UN and PL.  Also, EMG 
AUC of VM was greater during CL compared to UN and PL.  These differences in 
kinematic and muscle activity for CL and PL conditions are illustrated in Figure 8.  
The effects of the simulated central and peripheral weight distributions on hip and 
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knee kinetics was not analyzed in the current study.  However, our kinematic and 
muscle activity findings suggest hip and knee kinetics may be affected by central 
and peripheral load distributions differently.  Also, the STS task may not be the only 
ADL affected by central and peripheral weight distributions.  However, in order to 
determine the effects of central and peripheral weight distributions on other ADLS, 
such as gait and climbing stairs, further research is needed.  
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